The traffic congestion problem in urban areas is worsening since traditional traffic signal control systems cannot provide] efficient traffic regulation. Therefore, dynamic traffic signal control in Intelligent Transportation System (ITS) recently has received increasing attention. This study devised a multi-agent architecture, the Adaptive and Cooperative Traffic light Agent Model (ACTAM), for a decentralized traffic signal control system. The proposed architecture comprises a data storage and communication layer, a traffic regulation factor processing layer, and a decision-making layer. This study focused on utilizing the cooperation of multi-agents and the prediction mechanism of our architecture, the Forecast Module, to forecast future traffic volume in each individual intersection. The Forecast Module is designed to forecast traffic volume in an intersection via multi-agent cooperation by exchanging traffic volume information for adjacent intersections, since vehicles passing through nearby intersections were believed to significantly influence the traffic volume of specific intersections. The proposed architecture can achieve dynamic traffic signal control. Thus, total delay time of the traffic network under ACTAM can be reduced by 37% compared to the conventional fixed sequence traffic signal control strategy. Consequently, traffic congestion in urban areas can be alleviated by adopting ACTAM. key words: intelligent agents, multi-agent systems (MAS), decentralized control, dynamic traffic signal control
Introduction
The traffic congestion problem in urban areas recently has attracted considerable attention in major cities around the world. According to research conducted by the Texas Transportation Institute (TTI), located at Texas A&M University, the United States, commuters in one third of the largest cities in the U.S.A. spend an average of over 40 hours a year, equivalent to one working week, in traffic jams. To alleviate traffic congestion in urban areas, the concept of Intelligent Transportation Systems (ITS) has been widely accepted in developed countries. ITS is a highly promising system for providing key solutions to current road congestion problems. ITS has the potential to reduce traffic jams, traffic accidents and environmental emissions by improving traffic flows and transportation efficiency [2] . Advanced Traffic Management System (ATMS), described in ITS, includes the planning of traffic signal control system. ATMS aims to use various technologies, particularly real-time traffic volume monitoring, to assist in determining traffic light control strategies. The primary issue of ATMS is how to Numerous studies have considered local optimal control of traffic signal systems, for example, PASSER II [10] and TRANSYT-7F [11] . Other studies, such as Wey in [3] , employed linear optimization methods to solve traffic signal control problems.
Image processing sensor systems [5] have drawn considerable attention in the field of ITS, and the information extracted from image processing sensor systems can be applied to achieve real-time responses to the incident in question. Recently, multi-agent decentralized strategies for controlling urban traffic networks have attracted considerable attention. Roozemond and Rogier [4] proposed a prototype using agent technology to control traffic signal systems.
This study proposed a multi-agent architecture, the Adaptive and Cooperative Traffic light Agent Model (ACTAM) [1] , for decentralized traffic signal control, which improved existing systems and reduced total delay time. Multi-agent systems are designed to enable problem decomposition and subcontract subproblems to different problem solving agents with their own goals and interests [9] . The proposed architecture comprises three layers, the Data layer, Processing layer and Decision layer, and these three layers oversee communication, traffic indices generation, decisionmaking and actuation, respectively. This study focuses on utilizing the Forecast Module to forecast the future traffic volume in each individual intersection. Furthermore, each agent has the ability to communicate, enabling each agent to exchange relevant traffic information and cooperate with multi-agents. ACTAM enables dynamic traffic signal control strategy to be achieved in a decentralized and collaborative way. Total delay time of the traffic network can be reduced. To improve current traffic signal control system adoption in urban areas requires developing a more efficient solution. The traffic signal control system based on multi-agent technology outperformed the traditional method in providing a real-time and proactive response to dynamic traffic volume. Traffic signal control agents cooperate via communication and coordination mechanisms. Analysis of the historical data enables the proposed architecture to learn and adjust its control strategy. The remainder of this paper is organized as follows. The next section describes the agent technology and its cooperative paradigm features. Section 3 then reviews previous attempts to solve the traffic signal control problem. Subsequently, Sect. 4 presents the architecture, ACTAM, proposed in this study. Section 5 then summarizes experimental results and discusses the experimental results. Finally, Sect. 6 presents some conclusions.
Agent Technology
This section first examines various definitions of software agents, then highlights applications of software agents, and finally briefly introduces the agent system and its common architecture.
Agent technology is a key area in [artificial intelligence research. Today, a software agent generally means a software program that accomplishes a task on behalf of its user]. According to this definition, the history of software agents can be traced back to the early 1970's, when was being conducted in the fields of software engineering, human interface research and artificial intelligence [9] . There is no generally accepted definition of software agents, and researchers involved in agent research have offered a variety of definitions.
As Jennings and Wooldridge defined, "An agent is a computer system situated in some environment, and that is capable of autonomous action in this environment in order to meet its design objectives." [18] Russell and Norvig define "An agent is anything that can be viewed as perceiving its environment through sensors and acting upon that environment through effectors." [7] .
Hayes-Roth defines "Intelligent agents continuously perform three functions: perception of dynamic conditions in the environment; action to affect conditions in the environment; and reasoning to interpret perceptions, solve problems, draw inferences, and determine actions" [13] .
Lange and Oshima believed that "From the end-user perspective, an agent is a program that assists people and acts on their behalf. Agents function by allowing people to delegate work to them. From the system perspective, an agent is a software object that situated within an execution environment; possesses mandatory properties such as reactive, autonomous, proactive and temporally continuous; may possess any of the orthogonal properties such as communicative, mobile, learning, believable" [14] .
Smith et al. defined an agent as a persistent software entity dedicated to a specific purpose. "Persistent" distinguishes agents from subroutines; agents have their own ideas about how to accomplish tasks, their own agenda. "Specific purpose" distinguishes agents from entire multifunction applications [12] .
In [9] , software agents are required to possess the following minimal characteristics:
• Delegation: The agent performs a set of tasks on behalf of a user (or other agents) that are explicitly approved by the user.
• Communication skills: The agent needs to be able to interact with the user to receive task delegation instructions, and inform task status and completion through an agent user interface or through an agent communication language.
• Autonomy: The agent operates without direct intervention (e.g., in the background) to the extent of the user's specified delegation. The autonomy attribute of an agent can range from being able to initiate a nightly backup to negotiating the best price of a product for the user.
• Monitoring: The agent needs to be able to monitor its environment in order to be able to perform tasks autonomously.
• Actuation: The agent needs to be able to affect its environment via an actuation mechanism for autonomous operation.
• Intelligence: The agent needs to be able to interpret the monitored events to make appropriate actuation decisions for autonomous operation.
In addition to the basic attributes mentioned above, an agent may have other attributes such as mobility, security and others.
Regarding the application of software agents, Jennings and Wooldridge note that "agent are being used in an increasingly wide variety of applications, ranging from comparatively small systems such as email filters to large, open, complex, mission critical systems such as air traffic control" [18] . According to the categorization of Jennings and Wooldridge, the application of intelligent agents can be classified into industrial, commercial, medical and entertainment applications.
Agent systems can be further classified either singleagent or multi-agent systems. Agent systems, particularly multi-agent systems, are subfields of DAI (Distributed Artificial Intelligence) research, and have existed under AI for two decades. Generally, DAI is broken into Distributed Problem Solving (DPS) and Multi-Agent Systems.
Research on designing and developing multi-agent systems focuses on the interaction between agents. Topics frequently discussed in this area of research include agent action, the relationship between agents, multi-agent system architecture and the environment in which the multiagent systems exist; interactions among agents within the multi-agent system, and agent adaptation ability. Coordination, negotiation, cooperation are three common interactions among agents in multi-agent systems. The major difference between multi-agent systems and single-agent systems is in that multi-agent systems include several agents that are aware of one another. Figure 1 illustrates the framework of multi-agent systems.
As agents are being used in variety range of applications, efforts to standardize the implementation of agent systems are continuing. Two major efforts at standardization are the Foundation for Intelligent Physical Agents (FIPA) and the Object Management Group (OMG) Agent Working group [15] . As shown in Fig. 2 , the FIPA agent platform defines the basic architecture, and provides: the Agent Management System (AMS), which controls the life cycle of the agent; the Directory Facilitator (DF), which resembles a yellow-page lookup service; and the Message Transport System (MTS), which provides inter-agent communications and messaging with other FIPA-complaint agent platforms.
Previous Works on Traffic Signal Control
Traffic signal control strategy manipulates three factors, cycle length, split, and offset, to regulate traffic flow. Cycle length refers to the time required for a traffic light to circulate from a particular phase (e.g. a green light) back to the same phase. In reality, cycle time is set to a range somewhere between 40 and 120 seconds, depending on traffic volume. The split is the segment of the cycle length allocated to each phase or interval that may occur. Meanwhile, the offset is the time difference for the same phase between two traffic lights at two intersections. The traffic signal system can be categorized into three classes, fixed time signal, traffic-actuated signal, traffic-adjusted signal. The fixed time signal controls the traffic light using a predefined timetable. In the traffic-actuated signal, the cycles, signal phases, signal intervals of the traffic light are defined via controllers and related devices. The new style traffic control signal system adopts the traffic-adjusted signal, which combines the advantages of both fixed time and traffic-actuated signals. Sensors placed in an artery can forward monitored traffic data to the master controller. The master controller then calculates and periodically distributes an appropriate traffic signal control strategy (represented by the signal cycle, phase and interval) to the signal controller in each individual intersection.
PASSER II [10] and TRANSYT-7F [11] aimed at local optimal control of the traffic signal system. Both studies attempted to identify optimal solutions for local traffic signal control systems at each intersection.
The domain of traffic signal control is well suited to a multi-agent based approach owing to its geographically distributed nature. Agent technology is a computer paradigm that has become a significant area in computer science. Researchers and practitioners have now realized that singleagent systems, multi-agent systems and distributed artificial intelligence are attractive because they consider the social aspects of computer systems, ranging from humancomputer interaction over distributed problem solving, to the simulation of social systems [16] . Roozemond and Rogier [4] [proposed a prototype using agent technology to control a traffic signal system. Ferreira et al. [6] also presented a multi-agent decentralized strategy for controlling an urban traffic network. In the approach proposed in [6] , each agent optimizes a traffic index based on its local state and sensors, and also on information from adjacent intersections.
ACTAM
This section describes the proposed architecture and the components contained inside ACTAM. From Fig. 3 , the ACTAM architecture comprises three parts: Urban traffic relies heavily on the quick response of the control strategy for the traffic light system in each intersection. The information flow in ACTAM can be described as follows:
• First, the sensor module is used to monitor the traffic volume and forward the traffic volume data to IIA.
• IIA then communicates and exchanges related information with the IIAs at the adjacent intersections.
• After collecting all of the required information, IIA began to generate an appropriate traffic signal control strategy for the specific traffic signal.
The information flow formed a closed loop, as shown in Fig. 4 . IIA gathers the current traffic volume situation through the Sensor Module. The data is kept in the IIA Data Process Module. IIA communicates with other IIAs in the adjacent intersection via the Communication Module. After gathering all of the necessary information, the Learning Module, Forecast Module and Weighted Module generate results according to its purpose (these components are described in detail in the following paragraph). The generated results then are delivered to Control Strategy Decision Module, where the traffic signal control strategy is devised.
Components in IIA can be further divided into three categories as shown in Module oversees the exchange of related traffic data with other IIAs. Restated, the Communication Module is responsible for agent interaction. The Communication Module exchanges data through KQML (Knowledge Query and Manipulation Language), KQML is a language and protocol for exchanging information and knowledge between two or more intelligent systems in support of cooperative problem solving. The Data Process Module is a database that stores the data involved in the process of IIA. Data stored in the Data Process Module includes both fixed and calculated data. Fixed data comprises the serial number of the adjacent intersections, the distance from the adjacent intersections, and so on. Meanwhile, the calculated data are from the Learning Module, and are further detailed in the paragraph explaining how the Learning Module works.
The next layer, the Processing Layer, deals with the factors that might influence the traffic signal control strategy. Traffic signal control strategy should consider three factors: first, knowledge of past traffic flow data; second, prediction of future vehicle numbers at the intersection; third, importance (judged by traffic volume) of each intersection.
The Forecast Module is designed for forecasting possible traffic volume in a specific intersection. Cooperation by exchanging traffic volume information of adjacent intersections among agents can help in forecasting future traffic volume. Cooperation is essential in Multi-agent systems. There are several points of view on cooperation. This study adopts the perspective that cooperation constitutes one of the fundamental means of resolving conflict. Agent autonomy can create situations where agents have contradictory interests, and conflict can result. Frequently, these conflict situations arise from access to limited resources. In this study, conflict situations result when vehicles pass one another at a crossroads. As mentioned before, cooperation can resolve conflict. Methods of cooperation can be classified into six categories: grouping and multiplication, communication, specialization, collaboration by sharing tasks and resources, coordination of actions, and conflict resolution by arbitration and negotiation [17] . Communication ability further extends the perceptive capacities of agents within multi-agent systems by allowing them to benefit from the information held by other agents. In the present architecture, agent communication ability constitutes one method of providing for the coordination of actions. As shown in Fig. 6 , traffic volume of intersection A is influenced by vehicles passing through nearby intersections. Moreover, the influence of nearby intersections on intersection A is proportional to the distance between them. That is, the further two intersections are from one another, the less they influence one another.
The forecast traffic volume of each intersection can be expressed by following equations.
Where N represents the intersections in the traffic network and x = 1 . . . n. Take Eq. (1) for example, TotalUN x is the possible traffic volume north of intersection N X , and U pNXN i stands for OR represents the possible influence of intersection N i on intersection N X . U pNXN i is determined by Where CarQueueU represents the number of vehicles queuing in front of the traffic light, and DistanceU is the distance from Nodei to Nodex. The Learning Module is used to achieve adaptation in the proposed architecture. Two learning strategies exist: 1. Short-term Learning: Determine how recent traffic volume and waiting car queue affect traffic light control strategy. 2. Long-term Learning: Seek to discover patterns or trends in large amounts of historical data (from previous times). By analyzing historical data, the proposed architecture is capable of learning and adjusting its control strategy.
The Weighted Module in layer 2 is used to store the weighting result. Weights are assigned to different intersections with appropriate measurement according to traffic flow at each intersection as shown in Fig. 7 .
The Decision Layer includes the Control Strategy Decision Module. The Control Strategy Decision Module summarizes the indices output from the Learning Module, Weighted Module, Forecast Module and alter traffic light control strategy through the modification cycle, split and offset of the traffic light controller.
Experiment and Performance Evaluation
The experiment aimed to determine the simulated total delay time of a specific urban traffic network achieved by the proposed decentralized ACTAM architecture, when compared to the conventional fixed sequence traffic signal control strategy. The fixed sequence traffic signal control strategy served as the base line system. In the present experiment, the control strategy minimizes the total delay time. A primary objective in signalized intersection operation is to achieve the required capacity for each flow with minimum delay [8] . In other words, total delay time is used as a criteria for performance evaluation. In the present definition, total delay time is the sum of all car waiting times in front of all traffic lights in a specific traffic network. The total delay time for a certain period of time is given by Where T denotes the total delay time, n represents the total number of intersections within the traffic network, m indicates the number of vehicles in the network and W i j is the waiting time in front of each traffic light The parameter settings used in the present simulation are shown below:
• The traffic network used in this simulation contained 30 intersections, arranged as a 6 × 5 matrix.
• The distance between every intersection is 500 meters.
• Vehicle speed is set to 50 kilometers per hour • The simulation time is set to 120 minutes • The simulation is performed on an Intel Pentium IV PC.
• Two different car flows are implemented in the experiment to represent different traffic volumes; one vehicle entering the network every 10 seconds, and one vehicle entering the network every 2 seconds, to represent normal traffic volume and congestion traffic volume, respectively. The probabilities of a vehicle continuing straight ahead, turning left, and turning right are set to 50%, 25%, and 25%, respectively.
For the fixed sequence traffic signal control strategy, the traffic light cycle and split are predefined. In the present simulation, the cycle is set to 100 seconds per cycle, split for horizontal and vertical is set to 1 : 1. As for ACTAM, the Control Strategy Decision Module is in charge of altering the cycle and split to reduce total delay time. Traffic light cycle time should increase with crowding of traffic volume. In the present experiment, eight different types of cycle time are defined depending on level of traffic congestion. The split should be set based on the ratio of vertical and horizontal traffic volume. The tables below illustrate how cycle and split are determined in ACTAM.
Where R can be expressed using the following equation
Predicted upcoming traffic flow of intersection i
Sun of predicted upcoming traffic flow for every intersection (7) Traffic congestion is measured using R for each intersection. Table 1 listed how R is set in our simulation. Since the experiment setting involves 30 intersections, each intersection should partake of 1/30 traffic volume. Therefore, when R is between 1/35 and 1/25, the cycle time is set to 100 seconds, as the same as for the fixed sequence traffic signal control strategy. The traffic light cycle time should increase with crowding of traffic volume, and should decrease as the traffic volume becomes less crowded.
As shown in Table 2 , where D 1 , D 2 indicate the vertical and horizontal traffic volumes, respectively. The split is set in proportion to the ratio of vertical traffic volume/horizontal traffic volume. In this study, the split is limited to 8 : 2 to 2 : 8. Figures 8 and 9 compare the fixed sequence traffic signal control strategy and ACTAM. Each experiment was conducted over a 2 hour time frame. In Fig. 8 , the frequency of vehicle entry to the traffic network was set to six vehicles per minute; that is, a vehicle enters the traffic network every 10 seconds. From Fig. 8 , the performance of two different control strategies converged to two distinct levels after 9 minutes of simulation. Further investigation of the simulation data revealed an approximately 33.47% reduction in total delay time compare to fixed sequence traffic signal control strategy. The improvement rate can be obtained by Where Fix TDT denotes the total delay time obtained by the fixed sequence traffic signal control strategy, and ACTAM TDT indicates the total delay time obtained by ACTAM.
In Fig. 9 , the frequency with which vehicles enter the traffic network is set to 30 vehicles per minute. The use of a higher vehicle entrance frequency is designed to examine the influence of level of congestion on ACTAM. From  Fig. 9 , a similar result to Fig. 8 is obtained when the frequency is set to six vehicles per minute. The performance of the two different control strategies stabilized at two distinct levels following 6 minutes of simulation. The condition of 1 vehicle entering the network every 2 seconds achieved an approximately 36.96% reduction in] total delay time.
Conclusion
Urban traffic congestion is becoming a serious problem. The proposed ACTAM architecture utilizes multi-agent systems for decentralized traffic signal control. Adopting multiagent systems to solve the problem of traffic congestion] can achieve advantages such as robustness and scalability. ACTAM enhances flexibility and extensibility owing to its modular design. Modular design means that the module within the architecture can be substituted using better and newer modules when necessary, thus ensuring the flexibility and extensibility of ACTAM. The Sensor Module in the proposed architecture collects traffic data, while the data layer in IIA receives data and exchanges it with other IIA in the network. The processing layer is used to generate indices representing possible influences on] the control strategy for the decision layer. The decision layer devises a control strategy based on the indices provided by the processing layer and alters cycle, split, offset for a traffic light. The present simulation implemented the Forecast Module, by forecasting possible upcoming traffic volume and arranging cooperation among agents by exchanging traffic volume information; the regulator (traffic light) can follow the decision made by IIA and reduce total delay time.
The simulation results demonstrate that ACTAM out performed conventional fixed sequence traffic signal control strategy by 37%. ACTAM aimed to minimize total delay time in specific traffic networks with decentralized control strategy decision-making. A decentralized control strategy achieves improved scalability by adopting a multi-agent system, since each IIA oversees the local optimization problem and no master controller is required. Thus, adding new intersections to the network only increases the computational loading on neighboring intersections, while that in the remainder of the network remains the same. Additionally, a decentralized control strategy enables the controller to react to incidents rapidly and proactively. Since this study attempts to minimize total delay time, the communication ability of IIAs avoids the pursuit of local optimization, and thus achieves the goal of minimizing total delay time.
